In a previous experiment, the effect of 255 generations of mutation accumulation (MA) on the second chromosome viability of Drosophila melanogaster was studied using 200 full-sib MA1 lines and a large C1 control, both derived from a genetically homogeneous base population. At generation 265, one of those MA1 lines was expanded to start 150 new full-sib MA2 lines and a new C2 large control. After 46 generations, the rate of decline in mean viability in MA2 was about 2.5 times that estimated in MA1, while the average degree of dominance of mutations was small and non-significant by generation 40 and moderate by generation 80. In parallel, the inbreeding depression rate for viability and the amount of additive variance for two bristle traits in C2 were 2-3 times larger than in C1. The results are consistent with a mutation rate in the line from which MA2 and C2 were derived about 2.5 times larger than in MA1. The mean viability of C2 remained roughly similar to that of C1, but the rate of MA2 line extinction increased progressively, leading to their final mutational collapse which can be ascribed to accelerated mutation and/or synergy after important deleterious accumulation.
INTRODUCTION
Detrimental mutations occur unceasingly, particularly mild ones, i.e., those with effects that are small enough to allow them to drift in small populations, but sufficiently large to cause an appreciable decline in fitness. This phenomenon has been shown to be potentially relevant to the explanation of some important evolutionary issues and, for instance, sex and recombination could have evolved to protect the genome from the continuous input of deleterious mutations (Kondrashov 1988; Otto and Lenormand 2002) . It also affects the amount and nature of the genetic variation that could be maintained in populations and imposes a threat to the survival of those of reduced size (see García-Dorado 2003 and, for a review, García-Dorado et al. 2004 ).
However, the relevance of the aforementioned processes strongly relies on the properties of detrimental mutations, particularly their rate of occurrence and their distributions of effects in homozygosis and heterozygosis. Pertinent information has been obtained from highly laborious "mutation accumulation" (MA) experiments, where spontaneous mutations accumulate in lines independently derived from the same genetically uniform origin, which are subsequently maintained in the effective absence of natural selection during a number of generations. The largest dataset refers to viability (occasionally, reproductive fitness) in Drosophila melanogaster, although a few other species have also been studied. Earlier results obtained in the 1960's and 70's by Mukai and coworkers (Mukai 1964 (Mukai , 1969 Mukai and Yamazaki 1968; Mukai et. al. 1972 ) pointed out to a high haploid rate of mutations (λ >≈ 0.3) showing, on the average, small homozygous effects (E(s) <≈ 0.03) and little recessivity (E(h) ≈ 0.4, where h = 0, 0.5 and 1 denote recessive, additive and dominant gene action, respectively). Nevertheless, experimental work carried out within the last decade raised questions on the general validity of former estimates, suggesting that mutations arise at 5 a much lower rate but have stronger effects in the homozygous which are moderately expressed in the heterozygous (see reviews by García-Dorado et al. 1999 , 2004 Keightley and Eyre-Walker 1999; and Lynch et al. 1999) .
A long-term MA experiment carried out in our laboratory (Fernández and López-Fanjul 1996 , Chavarrías et al. 2001 , Caballero et al. 2002 , Ávila and García-Dorado 2002 , consisted of 200 full-sib MA lines and a large control population (MA1 lines and and C1 control from now on, respectively), all derived from a common isogenic D. melanogaster line. It consistently produced estimates indicating that the rate of occurrence of viability deleterious mutations was one order of magnitude lower than that reported by Mukai, while the average homozygous deleterious effect was larger (about 10 per cent). The data also suggested a smaller degree of dominance, but the corresponding estimates were obtained after 250 generations of mutation accumulation, when natural selection could have removed those lines carrying severely deleterious mutations, which are likely to be the most recessive ones. This may have induced an upward bias in the estimate which, furthermore, had a considerable standard error (E(h) = 0.33 ± 0.19).
In this paper we report the results from a new set of MA lines (MA2) derived from a single line from our previous MA1 experiment. Our aim was to complete the description of the properties of deleterious mutations in the same genetic background, by obtaining more precise estimates of the average degree of dominance at an earlier stage of the process, as well as to investigate the effect of a long period of mutation accumulation on the viability of the MA lines and on the rates of fitness and quantitative mutation. After 46 generations, the rates of decline in mean and increase in betweenline variance in MA2 were substantially larger than those calculated in MA1.
Furthermore, long-term data indicated substantial instability of the MA2 lines viability 6 as well as increased mutation accumulation in the corresponding control C2, both compared to those of our previous experiment. These results show that the rates of deleterious and quantitative mutation can considerably increase after substantial mutational deterioration. However, estimates for the average deleterious effect and degree of dominance were in agreement with those formerly obtained.
MATERIAL AND METHODS

Base population and inbred lines:
In a previous experiment (Santiago et al. 1992 At generation 265, one of those MA1 lines (line 85), which had formerly shown good viability, was expanded to be used as the base population of the present experiment. From this new base, 150 full-sib MA2 lines, as well as two large control lines (C2, C2C, see below), were started and maintained for a further period of 100 (MA2 lines) or 119 (control populations) generations. The original control population (C1) was maintained in parallel, while the remaining MA1 lines were discontinued.
Culture conditions: Flies were reared in the standard medium formula of this laboratory (Brewer's yeast-agar-sucrose). All cultures were incubated at 45 ± 5% 7 relative humidity, and maintained under continuous lighting. Flies were handled at room temperature under CO 2 anaesthesia. Each inbred MA2 line was maintained by a single pair of parents per generation, kept in a glass vial (20 mm diameter, 100 mm height) with 10 ml medium added, but two spare matings were made and used when the first one failed to reproduce, as in Chavarrías et al. (2001) . Oviposition was allowed during 4 days, after which both parents were discarded. This implies that culture densities were low. At emergence, virgin male and female offspring were collected and individual pair matings were made when 4 days old.
The original control (C1) as well as the two new control lines (C2, C2C) were maintained in 25 bottles each (250 ml with 50 ml medium added) using a circular mating scheme to ensure a large population size (about 2500 potential parents per generation), which was considered sufficient to minimize the per generation rate of mutational change due to genetic drift. Controls C1 and C2 were kept at the same temperature as the MA2 lines (25 o C) and synchronous to them. In order to detect any possible viability decline in control C2, we kept an additional large control in cold conditions (C2C control), adults being kept at 16 o C. The number of generations elapsed in control C2C was about 60 per cent of that in control C2 and in the MA2 lines.
However, second chromosomes from C2C control showed drastically reduced viability.
This reduction persisted even after being maintained at 25ºC during four recovery generations although it became small after 10 recovery generations (data not shown), so that it was interpreted as an epigenetic effect. A similar phenomenon has been reported by Houle and Nuzhdin (2004) for cryopreserved controls. In our case, this prevented the use of the C2C control, except for obtaining estimates of the degree of dominance of mutations as explained below. 
RESULTS
The mutational rates of mean decline and increase in variance for second chromosome viability: The mean viability of second chromosomes from the MA2 lines in homozygosis and the synchronous evaluations for the C2 control (in homozygosis or in panmixia) are given in Table 1 for generations 46 and 98. All flies scored were sepia homozygotes, indicating that no contamination from wild-type flies occurred.
First, it should be noted that both the trait assayed and the balancer stock used in generation 46 were different from those in generation 98, thus precluding direct comparisons between the mean viabilities obtained at the earlier and later stages of the MA process. However, the viability differences between the MA2 lines and the C2 control can be validly compared between generations. Thus, the homozygous viability of MA2 chromosomes was significantly smaller than the corresponding control panmictic average (generation 46), but significantly larger than the homozygous viability of control chromosomes (generation 98). This suggests that mutations with large deleterious effect were purged from MA2 lines but segregated at low frequencies in the large control due to their prevailing recessive gene action, causing negligible viability decline in the panmictic control but important depression when homozygous.
14 The estimates of the between-line component of variance for viability are also given in Table 1 for the MA2 lines and the C2 control. At generation 46, the betweenline variance for MA2 chromosomes in homozygosis was not significantly larger than zero, although it was highly significant by generation 98.
The should equally affect the survival of wild or marked progeny from the same crossing, thus causing no effect on relative viability The coadaptation process implies that comparisons should be limited to estimates from those assays where initial crosses were made in the same direction. Retrospectively, this effect has also been detected in our Estimates of the per-generation rates of decline in mean viability and increase in between-line variance were about 2.5 times larger than those in the previous study.
Therefore, the Bateman-Mukai estimate of the rate of mutation in MA2 was also about 2.5 larger than that obtained for MA1. The increase of the rate of viability decline was highly significant but that for the rate of increase in variance was not, implying that the increase of the mutation rate was also non-significant.
Additional estimates (Table 3) ≤ 0.09. These methods assume gamma-distributed mutational effects and gave estimates for the shape parameter that were about 2 using MD (2.2 for CS-MD and 1.8 for CI-MD) but went to infinity using ML. These estimates suggest that most of the viability decline could be attributed to mutations with individual effects of the order of the estimated average effect.
In principle, regression estimates of the degree of dominance of deleterious mutations should not be affected by a low temperature epigenetic effect on the viability of C2C chromosomes (see above), as this will not contribute to the genetic variance between MA2 homozygotes nor to the covariance between MA2 homozygotes and heterozygotes. Thus, regression estimates were computed using data from generations 41 or 77-85, and are given in Table 4 . The degree of dominance did not significantly depart from zero at generation 41, but was relatively high at generations 77-85. It is worthwhile to note that the average of estimates separately obtained at generations 77
and 85 was substantially smaller than the single estimate obtained using over-generation average viabilities. This difference should be ascribed to the erratic behaviour of the homozygous genotypic variance.
The inbreeding depression rate for viability in the control populations: 55 and 56 second chromosomes were synchronously sampled from C1 (t=374) and C2 (t=108), respectively. From these, three C1 (5,5%) and 9 C2 chromosomes (16.1%) were lethal. Viability was assayed synchronously for the 52 non-lethal second chromosomes from C1, and the 47 from C2, and mean viabilities and rates of inbreeding depression are given in Table 5 . C1 viability means at generation 250 cannot be directly compared to those at generation 374, as they were not obtained synchronously and are relative to a different balancer Cy/L 2 stock. However, the rates of inbreeding depression can be compared, that for C1 remaining stable from generation 250 to 374, and that for C2 tripling that for C1.
Estimates of the additive variances of bristle number for C1 and C2 control
populations: These estimates are given in Table 6 . For both traits, means were significantly larger for C1 (32.25 ± 0.19, 33.72 ± 0.10 for abdominal and sternopleural bristle number averaged over sexes, respectively) than for C2 (28.94 ± 0.48, 28.43 ± 0.27, respectively), suggesting that the effect of accumulated mutations on those traits is, on the average, negative. For sternopleural and abdominal bristle number, the additive variance in C2 was two or threefold that for C1, respectively, in agreement with the increase observed for the rates of viability decline in MA2 and for the rate of viability inbreeding depression in the corresponding C2 control.
DISCUSSION
Increase of the mutation rate: At generation 255 of our previous experiment Notwithstanding, these V* results can be validly compared to those from the present experiment at generation 46. This comparison using V* gave rates of decline in mean and increase in variance in MA2 about 2.5 times larger than those calculated in the final period of the former experiment and, therefore, the estimate of the rate of mutation also increased by the same factor while, again, the average deleterious effect remained practically unchanged. The rate of viability decline in MA2 was significantly larger than in MA1 with p < 4×10 -7
, but standard errors for the rate of increase in variance and , therefore, for the estimates of mutational rates and average effects, were large.
Therefore, this significant increase in the rate of viability decline might also be ascribed to a synergistic increase of the deleterious effects of new mutations when they accumulate upon a genetic background deteriorated by previously accumulated mutations. However, an additional argument supporting the conclusion that the rate of mutation had increased in the early phase of this experiment due to an increased mutation rate in the founder MA1 line, is the observed increase in the additive genetic 21 variance of bristle traits in the control C2, by a factor similar to that applying both to the corresponding rate of viability inbreeding depression and to the MA2 lines rate of viability decline. The proportion of surviving lines felt dramatically by the end of the experiment, suggesting either a further increase of the deleterious mutation rate or synergistic epistatic gene action limited to those genomes that were homozygous for other severely deleterious mutations. Summarizing, our results indicate that the rate of deleterious mutation had increased in the initial phase of the MA2 experiment, but they are also compatible with synergy occurring at later stages.
We have also investigated the accumulation of new genetic variability in two large size control populations. Control C1 had been kept in 8 bottles up to generation 200 and in 25 bottles thereafter. However, its inbreeding depression rate was the same at generations 250 and 374 implying that, after being maintained in 25 bottles during 50 generations, this population had roughly attained the mutation-selection-drift equilibrium regarding the mutations responsible for the viability inbreeding depression.
This C1 non-lethal inbreeding depression rate for the second chromosome was about 30% the average of published estimates for segregating populations (Temin et al. 1969 , Mukai and Yamaguchi 1974 , Seager and Ayala 1982 , Mukai and Nagano 1983 , Kusakabe and Mukai 1984 , and Kusakabe et al. 2000 . Control C2 was also maintained in 25 bottles so that, after 108 generations, it was also expected to be roughly at the mutation-selection-drift balance. By that time, it harbored a viability inbreeding depression rate threefold that detected in C1, which is consistent with the 2.5-fold increase of the rate of viability decline observed in the MA2 lines. On the other hand, homozygous viabilities assayed at generation 98 suggest that the inbreeding depression rate of the control populations was, to a good extent, caused by substantially recessive mutations with large deleterious effects, which can segregate at low frequencies in large 22 control populations but are efficiently purged from MA lines. Therefore, the inbreeding depression rate in the C2 control seems to be partially due to mutations different from those responsible for the rate of viability decline in the MA2 lines, and the fact that both rates increased by a similar factor suggests that they should be ascribed to a general increase in the rate of spontaneous mutation, rather than to synergy.
At the later synchronous evaluation of the viability of controls, the mean of the C2 panmictic genotypes was below that of C1. This could be partly attributed to a viability decline experienced by the MA1-85 line by the time it was used to derive the C2 control. However, it should be noted that this line was chosen on the basis of its high viability value, so that it could be considered an "order method" control (Mukai, 1964) .
Thus, in the following we will ignore this possible source of viability decline, as well as any unlikely accumulation of beneficial mutations. Consequently, we interpret that the lower panmictic viability of C2 chromosomes was due to a larger viability decline experienced by this control population. However, for such large populations, the rate of viability decline due to fixation should be negligible even at the equilibrium (García-Dorado 2003). Thus, a larger viability decline in C2 must be mainly attributed to a larger segregating mutation load accumulated during the build up of its new mutationselection-drift balance and, therefore, the difference in viability between the C1 and C2 controls is expected to overestimate the difference in segregating mutation loads. The equilibrium segregating mutation load for populations with effective sizes over 100 has been found to be close to the expected value for infinite populations (García-Dorado 2003), i.e., practically equal to the zygotic mutation rate for log-viability (the haploid rate for completely recessive deleterious). This implies that the difference in λ II between both controls (0.058-0.023=0.035, Table 2 ) should be about half the corresponding difference in the panmictic viability of second chromosomes, in good agreement with the estimates reported here ((0.438 -0.366) / 2= 0.036, Table 1 ).
An acceleration of the per-generation rate of viability decline may have also occurred in other MA experiments and could have resulted in substantial overestimation of the initial rate of mutation. Thus, in Mukai's (1964) Fry (2004) has also detected an accelerated viability decline in Ohnishi's (1977) experiment, although it should be noted that this is hard to reconcile with the steadily linear increase of the between-line variance (Ohnishi 1977, figures 5-6) . On the other hand, synergy has often been found to be limited to heavily loaded genotypes (Rosa et al. 2005 and references therein), which are more likely to appear in the later stages of an accelerated degradation process.
The causes inducing the increased rate of mutation detected in our experiment are unknown. A possible explanation, however, is a corresponding increase of the transposition rate. In our previous experiment, the inferred transposition rate per element copy per generation was about 10 -4 , in excellent agreement with previous data from different genetic backgrounds (Maside et al. 2001) . However, the transposition rate is expected to be positively correlated to the number of inserted elements, as documented for copia elements (Pasyukova et al. 1998) , which can lead to acceleration after a long mutation accumulation period. The distribution of the deleterious effects of new transpositions is also unknown. From the regression of fitness on copia number in Drosophila MA lines, Houle and Nuzhdin (2004) experiment. Therefore, the different estimates of deleterious mutation rates and average effects given in the literature may be explained by different transposition rates.
Notwithstanding, estimates obtained from data pertaining to the early periods of MA experiments show a much higher consistency, indicating low deleterious mutation rates of the order of 0.02 per gamete and generation and average effects about 0.1 when obtained from full-sib mating MA lines, or somewhat larger when derived from MA chromosomes sheltered from selection in the heterozygous. This is in agreement with the hypothesis of selection regulating both the average number of transposable copies in the genome and the overall transposition rate in natural populations (Maside et al. 2001 ). Fry and Nuzhdin (2003) . These authors found important overall recessivity for deleterious viability mutations but additive gene action for those caused by copia insertions, although the difference between the corresponding h estimates did not reach significance.
Degree of dominance of mutations:
We should note that the degree of dominance obtained using viability averages over generations 77-85 was larger than the average of estimates separately obtained at each generation. Although the difference was not significant, the result suggest that, due to genotypic-environment interaction, over-generation deleterious effects may be less recessive than those estimated at single generations. Note also that, due to betweengeneration variance for the expression of deleterious effects, viability data obtained at single generations may lead to underestimation of the rate of occurrence of those mutations that have a deleterious average effect over generations, as well as to the overestimation of this effect. Such possibility has been previously suggested by García-Dorado (1997) who, however, obtained low estimates for the rate of over-generation deleterious mutation for egg-to-adult viability using MA1 data. Our results suggest that such mutations could also have an average over-generation degree of dominance larger than that estimated at single generations, so that the efficiency of natural selection to remove them could still be relatively large. σ not significantly larger than zero (p>0.05). Estimates of the rate chromosomes in homozygosis and for control C2 chromosomes in panmixia; C:
Viability determination for MA2 and control C2 chromosomes in homozygosis; D:
Viability determination for control chromosomes (C1 and C2) in homozygosis and panmixia. 
